Material recycling occurs naturally when there are market incentives. When the economics of recycling is only marginal, government and institutional incentives are required. Here a simple framework for graphically representing the "cost-quality" dynamics of recycling is presented. Examples of policy and technology approaches are outlined based upon a recent study of several OECD countries 1) In addition large scale trends for these countries show the complex effects of wealth (GNP per capita) on recycling.
Introduction
shows a simplified diagram representing the "value" and "quality" space, which characterizes materials recycling markets. The dashed line shows that the value of materials depends upon some measure of their quality. For example the value of reinforcing fibers for composites increases monotonically with the fiber stiffness.
2) Similarly the value of materials increases with their purity, freedom from defects, freedom from contaminants etc. There are many quality metrics and in reality the problem is multidimensional, but here for simplicity we reduce the quality metric to a single measure.
The figure shows that prior to processing, the virgin material has a positive value. After processing and incorporation into a product the material becomes diluted and actually may have a negative value equal to the disposal fee. Note that in sharp contrast the value of a product increases as the material components are incorporated in it. This simple observation highlights the significant advantages of product reuse and remanufacture over material recycling. During the end of life disposition all three methods (reuse, remanufacture and recycle) should all be considered to optimize financial return. 3) Recycling costs can be represented on a similar diagram. (see Fig. 2 ). The calculation starts below the zero line if the recycler is given a payment to remove the "waste". The recycling scenario is represented as a climb through cost-quality space, with an average slope of ∆c/∆q. (Also see Fig. 3 based upon a plastics recycling scenario).
4) The difference between the recycled material cost and value is the profit. If the recycled material falls short of the virgin material quality, it is called "down cycled". If the quality is the same, it is called "recycled". Most synthetic materials are down cycled.
Recycling Policy "Levers"
We can now explore three general areas where we can affect the feasibility of a recycling scheme. At the top of Fig. 3 is represented the market. Market opportunities for recycled materials must be developed. This can be promoted by green purchasing, eco-labeling and by appealing products. For * E-mail: gutowski@mit.edu example, Japan is now developing green purchasing guidelines for governmental entities. 12) Also from a product point of view the Japanese and Europeans have developed three layer PVC pipe with recycled material in the core. 1, 5) The Japanese have also developed three layer extruded PVC window sashes.
1) Eco-industrial parks and material exchanges help develop these markets. Examples are power plant scrubber residue to gypsum at Kalundborg, and USG 1, 6) plastics as reducing agents in steel making, 1, 7) and steel making slag to cement at Chaparral 1) etc. The development of new markets for recycled materials requires quality assurance and reliable quantities. It also can change costs. Power plants are now paid for their scrubber residue.
At the bottom of the figure we see the waste. One of the primary drivers for recycling is increased disposal costs and the unappealing nature of many disposal options. A variety of institutional options are available here. Some caution is required though because large disposal fees can encourage illegal dumping. One of the biggest problems in recycling economics is the poor quality of waste. Hence post consumer recycling is more difficult than post industrial. Effective policies such as the "bottle bills" in many US states clean the countryside and provide a high quality PET waste stream. Product design can have enormous leverage in this area. For example Toyota and Ford have designed single polymer bumpers.
1) The recent product take back laws in the EU and Japan will have a large impact on design practices at companies who plan to sell in those markets. 1) Between the waste and the market is the recycling process and infrastructure. In the figure this is characterized by the slope ∆c/∆q. The smaller the slope, the more effective the process. New identification, sorting and recycling technology can greatly reduce this slope. In most cases this requires a large capital investment which is subject to market risks. For example DuPont developed effective large scale PET recycling technology (called methanolysis) in the early 1990's only to see the PET market suffer its largest price drop in a 40 year history.
1) The slope ∆c/∆q also depends upon the recycling infrastructure. For example, the perils of a free market recycling infrastructure can be illustrated. When climbing from waste to recycled material in Fig. 3 , the material travels through many organizations and economic entities. In a free market system if any one of these is not viable, the whole system stops. Local optimization can also greatly suboptimize the system. In the EU, the Netherlands provides one of the best examples of an effective recycling infrastructure. 8) 
OECD Data
Large scale trends for materials recycling can be seen in data for OECD countries. 9, 11) Figure 4 , shows the relationship between wealth and waste, and Fig. 5 shows the relationship between waste and recycle. Finally if the largest waste producers (> 400 kg per person) are plotted, we see a strong trend to recycle as income increases. See Fig. 6 . This observation underscores the importance of taking care to develop the economy while also protecting the environment. 
Conclusions
Materials recycling spans a wide range of activities in society. In this paper the most important "levers" in developing effective recycling systems are outlined. These include; 1) market development including quality assurance, adequate quantities and product development as well as creating "green pull" by green purchasing, material subsidies etc., and 2) waste development including disposal fees etc. to provide cost incentives, and design for recycling and collection mechanics to improve the quality of the waste, and 3) development of the recycling technology and infrastructure. This includes many technology elements and how they are managed and linked together. Selling services rather than products often puts many of these activities under the control of a single organization. This allows for global optimizations to enhance the potential success of the recycling scheme. Finally it is noted that successful institutional recycling schemes rarely occur without a certain measure of economic stability.
